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ABSTRACT 


The  results  of  a  preliminary  study  suggested  that  there  is  a  greater  than 
expected  prevalence  of  corneal  disease  in  higher  altitudes  as  compared  to 
lower  altitudes.  The  current  study  examined  the  effect  of  a  simulated  high 
altitude  atmosphere  on  the  corneal  endothelium  of  rabbits  at  different  time 
intervals.  Light  microscopy  of  a  flat  preparation  of  the  endothelial  cells 
showed  definite,  time-related  morphological  changes.  These  changes  include 
an  increase  in  the  number  of  mul  t i nuc leated  giant  cells,  pleomorphism  and 
possibly  cell  loss.  These  observations  suggest  that  the  effect  of  a 
hypobaric  or  hypoxic  environment  in  an  experimental  setting  is  detrimental 
to  the  structural  integrity  of  the  corneal  endothelium. 
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INTRODUCTION 

It  was  observed  during  a  recent  visit  to  South  America,  that  there  was  a 
higher  prevalence  of  corneal  diseases  and  refractive  error  among  the 
residents  of  the  city  of  Quito,  Ecuador  (altitude  11,000  feet  above  sea 
level)  as  compared  to  the  residents  of  the  city  of  Lima,  Peru  (466  feet 
above  sea  level).  Based  on  these  observations,  a  preliminary  study  examined 
the  eyes  of  high  school  students  in  Quito  (high  altitude)  and  Manta,  Ecudor 
(see  level).  The  students  in  Quito  (high  altitude)  showed  a  higher 
prevalence  of  astigmatism  and  keratoconus  than  the  students  at  sea  level 
(Khodadoust,  unpublished  data,  1982). 

The  question  raised  is  whether  high  altitude,  or  its  concomittant  condition 
of  lowered  oxygen  tension,  has  an  adverse  effect  on  corneal  morphology  or 
function.  The  transparency  of  the  cornea  depends  on  its  deturgescence, 
which  is  regulated  by  the  endothelial  cells.  Thus  the  endothelium  is  of 
extreme  importance  for  the  functioning  of  the  cornea.  We  attempt  to 
investigate  the  effect  of  a  hypobaric  atmosphere  (simulating  an  altitude 
of  approximately  11,000  feet)  on  the  morphology  of  the  corneal  endothelium 
of  rabbits  as  compared  to  controls.  Although  much  work  has  been  done  on 
the  effect  of  low  oxygen  tension  on  corneal  function,  no  one  has  investigated 
the  influence  of  a  hypoxia,  let  alone  hypobaria,  on  corneal  morphology. 
Corneal  function  was  not  assessed  in  this  study. 
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REVIEW  OF  THE  LITERATURE 


ANATOMY 

The  cornea  is  considered  to  be  the  window  of  the  eye.  Light  passes  through 
this  transparent,  refractive  tissue  to  reach  the  retina.  The  cornea  serves 
as  a  barrier  between  the  atmosphere  and  the  fluid  in  the  anterior  chamber. 
The  normal  human  cornea  is  avascular  and  composed  of  six  distinct  layers 
(anterior  to  posterior)  (see  Figure  1):  (1)  tear  film,  (2)  epithelium,  (3) 
Bowman's  membrane,  (4)  stroma,  (5)  Descemet's  membrane,  (6)  endothelium. 
The  rabbit's  cornea  has  all  of  the  above  layers  except  Bowman's  membrane. 
While  the  epithelium  and  the  endothel  i  urn  are  highly  cellular  with  high  lipid 

content,  over  ninety  percent  of  the  cornea  is  relatively  acellular  stroma, 
with  low  lipid  content.  Descemet's  membrane  is  considered  to  be  the  product 
of  continuous  secretion  by  the  endothelium  (Hogan  et  al ,  1971;  Cotlier, 
1976)  which  increases  in  thickness  by  a  regular  apposition  of  basement 
membrane-like  lamellae  (Wulle,  1972). 

The  endothelium  is  a  single  layer  of  cells  lining  Descemet's  membrane 
anteriorly,  and  bathed  in  aqueous  humor  posteriorly.  At  birth  there  are 
approximately  350,000  cells,  arranged  in  a  continuous  monolayer  of  four  to 
six  microns  thickness  (Waring,  1982).  Viewed  by  scanning  electron 
microscopy,  the  endothelium  appears  as  a  paved-stone  mosaic  of  closely 
apposed,  polygonal  cells  with  five  to  seven  sides  (Rao  et  al,  1982)  each 
with  an  average  diameter  of  20  microns  (Davies,  1976).  The  individual  cells 
appear  to  be  held  together  by  an  intercellular  cement  substance  which  is 
stainable  by  silver  nitrate  (Chambers  et  al ,  1940).  There  is  actually  a 
250A  to  400A  extrace  1 1 u 1 ar  gap  between  endothelial  cells  which  narrows 
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Precorneal  fear  film 


~ v*  ja  >91 t.’SSfyCl"  0 


Aqueous  humor 


Fig.  1  Cross  section  of  the  axial  area  of  the 
cornea.  The  substantia  propria  constitutes  some 
90%  of  the  thickness.  A,  The  epithelium  rests 
upon  a  basement  membrane,  the  Bowman  layer, 
which  is  adjacent  to  the  anterior  condensation  of 
the  substantia  propria.  B,  The  lamellae  of  the  poste¬ 
rior  substantia  propria  are  much  more  regularly 
arranged  than  those  of  the  anterior  substantia 
propria.  (X500.) 


From  Newell  FW.  In  Ophthalmology:  principles  and  concepts.  C.V.  Mosby  Co., 
St.  Louis,  1978. 


FIGURE  1 


5 


considerably  at  the  apical  borders  ( Leuengberger ,  1973).  This  narrowing 
represents  junctional  complexes.  Although  in  i  t  i  al  ly  character  i  zed  as  tight 
junctions  (Iwamoto  et  al ,  1965) ,  later  tracer-dye  and  freeze  fracture  studies 
show  that  there  is  not  a  continuous  band  around  the  apical  area.  Instead, 
there  are  focal  tight  junctions  and  gap  junctions  (Kreutziger,  1976; 
Leuenberger,  1973;  Hirsch,  1977).  The  normal  endothelial  cell  possesses 
the  organelles  character ist ic  of  cells  engaged  in  active  transport  and 
protein  synthesis  for  secretion  (Hogan  et  al,  1971;  see  Figure  2).  The 
nucleus  is  large  and  oblong,  causing  low  flat  bulges  when  viewed  by  scanning 
microscopy  (Surdbergh  and  Bill,  1972). 

Several  workers  have  noted  the  appearance  of  occasional  polynucleate 
endothelial  cells  in  rabbits  (Wilcox  et  al,  1958;  Von  Sallman  et  al,  1961; 
Nagano,  1914;  Smolin,  1963).  In  addition  to  being  sparse  in  density,  there 
are  usually  no  more  than  two  or  three  nuclei  per  cell. 

EMBRYOLOGY 

The  endothelium  is  embryolog ical ly  derived  at  about  the  sixth  week  of 
human  gestation  from  mesenchymal  cells  which  migrate  centrally  from  the  rim 
of  the  optic  cup.  In  the  following  development  stages,  these  cells  get  a 
rich  content  of  endoplasmic  reticulum  and  mitochondria,  well  developed  Golgi 
Complexes  and  prominent  nucleoli,  expressing  the  activity  of  these  cells. 
There  is  also  some  evidence  that  the  endothelium  could  be  derived  from  the 
neural  crest  (Johnston  et  al,  1979).  This  proposed  derivation  could  help 
to  explain  the  human  endothelium's  limited  ability  to  regenerate,  like 


neural  cells. 
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Fig.  Corneal  endothelium.  The  cells  are  rich  in  organelles;  adjacent  cell  borders  are 
markedly  convoluted  but  parallel  and  are  attached  by  zonulae  occludens  on  the  anterior 
chamber  aspect  (x  24,000.) 


m  Newell  FW.  in  Ophthalmology:  principles  and  concepts.  C.V.  Mosby  Co., 
Louis,  1978. 


FIGURE  2 
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WOUND  HEALING  AND  AGING 

The  endothelial  cells'  response  to  wound  heal ing  and  aging  has  been  studied 
extensively.  One  of  the  unique  character  ist  ics  of  the  endothelium  is  its 
delicacy  and  extreme  sensitivity  to  damage.  Damage  to  the  endothelium 
results  in  stromal  swelling,  corneal  edema,  and  loss  of  corneal  transparency. 
In  1914,  Nagano  showed  that  the  endothelium  experimentally  responded  to 
external  injuries  such  as  lime  burns,  bee  stings,  and  minor  corneal 
abrasions,  with  morphological  changes.  Wound  healing  in  humans  is  thought 
to  occur  by  the  individual  corneal  endothelial  cells  becoming  heterogeneous 
and  enlargening  to  maintain  an  intact  monolayer  (Kaufman  et  al ,1966;  Mishima, 
1982).  Although  human  endothelium  has  some  ability  to  mitose,  regeneration 
is  not  a  major  factor  in  the  healing  process  (Van  Horn  et  al,  1977;  Doughman 
et  al,  1976;  Van  horn  and  Hyndiuk,  1975).  In  contrast,  rabbit  corneal 
endothelial  cells  are  able  to  undergo  extensive  mitosis  and  regeneration 
(Van  Horn  et  al,  1977;  Von  Sallman,  1961;  Staatz  and  Van  Horn,  1980).  Once 
destroyed  by  freezing,  rabbit  endothelium  responds  by  reconstitution  of 
intercel lular  spaces  and  gap  junctions  by  the  fifth  day  (Hirsch  et  al, 
1976).  This  period  also  corresponds  to  recovery  of  endothelial  function. 
Depending  on  the  size  of  the  damage,  the  defect  can  be  repaired  from  days 
to  weeks. 

Under  age  five,  in  humans  the  endothelial  population  is  fairly  uniform, 
usually  in  the  range  of  3000  cells/mm^  (Waring,  1982).  Several  authors 
have  demonstrated  a  decrease  in  endothelial  cell  density  and  increasing 
cell  heterogenei ty  wi th  advancing  age  (Kaufman  et  al,  1966;  Sturrock,  1978). 
There  is  also  slower  and  less  extensive  wound  healing  by  mitosis  in  rabbit 
endothelium  with  advancing  age  (Staatz  and  Van  Horn,  1980). 


. 
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NUTRITION 

The  cornea,  being  avascular,  does  not  receive  the  necessary  nutrients, 
oxygen  and  glucose,  via  the  blood  like  other  body  tissues;  instead  it 
receives  them  from  its  two  borders,  anteriorly,  the  atmosphere  and 
posteriorly,  the  aqueous  humor.  Several  studies  have  shown  that  the  majority 
of  glucose  needed  for  corneal  nutrition  comes  from  the  anterior  chamber 
(Thoft  et  al,  1971;  Maurice,  1969).  Energy,  in  the  form  of  ATP,  is  generated 
from  this  glucose  to  maintain  the  transparancy  and  dehydration  of  the  cornea. 

The  source  of  oxygen  for  the  cornea  is  less  clear.  The  three  possible 
sources  in  the  open  lids  are  the  atmosphere,  the  aqueous  humor,  and  the 
limbal  circulation.  Several  workers  have  shown  that  it  is  unlikely  that 
the  limbal  contribution  is  significant  (Gruber,  1984;  Bui  lot,  1904; 
Gundersen , 1 939) .  Smelser  et  al  in  1952  were  the  first  to  suggest  that  the 
corneal  edema  caused  by  early  contact  lens  wear  was  due  to  deprivation  of 
atmospheric  oxygen.  Subsequent  work  has  also  suggested  that  the  major 
contributor  of  corneal  oxygen  is  the  atmosphere  or  oxygen  dissolved  in  the 
precorneal  tear  film  (Barr  et  al,  1977;  Barr  and  Silver, 1973;  Barr  and 
Roetma,  1974).  On  the  other  hand,  more  recent  investigations  have  suggested 
that  the  endothelial  layer  gets  its  oxygen  from  the  aqueous  humor  (Weissman 
et  al ,  1981;  Kwan  et  al,  1972),  even  when  atmospheric  surface  oxygen 
concentration  is  zero  ( F a 1 1 , 1 964 ) .  With  the  closed  lid,  the  cornea  gets 
its  oxygen  from  the  palpebral  conjunctiva  and  the  aqueous  humor  (Efron  and 
Carney,  1979;  Fatt  et  al,  1969).  The  minimal  oxygen  tension  at  the  anterior 
corneal  surface  necessary  for  normal  corneal  nydration  varies  from  10  to 
23  mm  Hg  (Poise  and  Mandell,  1970;  Mandell  and  Parrel,  1980;  Decker  et  al, 
1978). 
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PHYSIOLOGY 

The  corneal  endothelium  has  been  long  recognized  to  have  a  crucial  role 
in  maintaining  corneal  clarity.  Many  ophthalmologists  consider  the 
endothelium  the  soul  of  the  cornea  since  its  presence  is  indispensable  in 
maintaining  corneal  transparency .  First  detected  in  the  19th  century.  Sir 
William  Bowman  perused  microscopic  structure  of  corneas  and  noted  the 
"delicate  and  perishable  layer"  on  its  posterior  surface  (Bowman,  1849). 
In  1873,  Leber  was  the  first  to  theorize  that  certain  properties  of  the 
endothelium  caused  the  cornea  to  have  little  permeability  to  the  aqueous 
humor.  Based  on  the  fact  that  cold-induced  corneal  edema  disappeared  after 
warming,  Harris  theorized  that  endothelial  function  depended  on  active 
metabolic  processes  (Waring,  1982).  Other  work  showed  that  this  delicate 
tissue  is  the  location  of  the  primary  active  process  which  maintains  corneal 
deturgescence  (Maurice  and  Giardini,  1951). 

The  structural  integrity  of  the  cornea  is  dependent  on  the  barrier  and 
pump  functions  of  the  endothelium  (Waring,  1982;  see  Figures  3,  4).  In 
rabbits,  the  barrier  is  comprised  of  the  calcium-dependent  focal  tight  and 
gap  junctions  which  connect  endothelial  cells  together  (Kaye  et  al,  1968; 
Kaye  et  al,  1973).  Since  the  barrier  is  relatively  "leaky",  not  forming  a 
watertight  seal,  small  molecules  can  penetrate  from  the  aqueous  humor  into 
the  i  nterce  1 1  u  lar  spaces  (Kays  and  Pappas,  1962;  Kaye  et  al,  1973; 
Leuenberger,  1973).  Because  of  both  the  affinity  of  stromal 
mucopolysaccharides  for  fluid  and  the  hydraulic  pressure  of  the  aqueous, 
fluid  leaks  across  the  endothelium. 

The  normal  state  of  corneal  deturgesence  reflects  a  balance  between  the 
barrier  and  pump  functions.  The  pump  function  is  maintained  by  an  active 
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transport  system  which  depends  on  metabolism  (Free,  1972;  Dikstein  and 
Maurice,  1972).  This  active  transport  is  thought  to  be  an  ATPase  located 
in  the  endothelial  membrane  (Maurice,  1972).  The  ATPase,  found  to  be 
bicarbonate-dependent,  regulates  stromal  hydration,  and  u 1 1 imate ly  control s 
corneal  hydration,  by  pumping  bicarbonate  ions  into  the  aqueous  humor  (Hodson 
and  Miller,  1976;  Hull  et  al ,  1981;  Riley,  1977).  The  aqueous  humor-der i ved 
glucose  is  metabolized  by  the  TCA  cycle  and  hexose-monophosphate  shunt. 
This  oxidative  metabolism  provides  the  ATP  that  meets  the  high  energy 
requirements  of  the  pump  (Thoft  et  al ,  1971;  Riley,  1969).  Thus  any 
interruption  of  the  metabol ic  processes  responsible  for  the  removal  of  water 
can  inhibit  oxidative  phosphorylation  and  produce  corneal  swelling;  such 
examples  include  oxygen  insufficiency  (Maurice,  1972;  Weissman  and  Fatt, 
1982),  trauma  via  surgery  (Bourne  and  Kaufman,  1976;  Hirst  et  al,  1977; 
Irvine  et  al,  1973;  Cheng  et  al,  1977;  Sugar  et  al,  1973),  and  in  vitro, 
Na-ATPase  inhibitors  (Bentley,  1977).  Whether  high  altitude  can  interrupt 
the  same  metabolic  processes  has  not  been  investigated. 

The  ophthalmologist  now  has  several  ways  to  clinically  assess  the  corneal 
endothelium  in  normal  and  pathologic  states.  First,  morphologic  evaluation 
by  specular  microscopy,  described  by  Maurice  in  1968,  has  enabled 
determination  of  endothelial  cell  shape,  size  and  density.  Second, 
physiologic  function  is  measured  indirectly  by  determining  corneal 
thickness.  Loss  or  disease  of  endothelial  cells  leads  to  corneal  edema  and 
an  increase  in  its  thickness,  which  is  measured  by  a  pachymeter.  And  last, 
the  barrier  function  can  be  evaluated  by  its  permeability  to  fluorescein 
dye  (Waltman  and  Kaufman,  1970). 
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ENDOTHELIAL  BARRIER  AND  PUMP 


BARRIER  PUMP 
(LEAK) 


LEAK  RATE  = 

METABOLIC  PUMP  RATE 

1)  78*H20 

2)  MAINTENANCE 
CORNEAL  THICKNESS 


figure  Drawing  illustrates  two  endothelial  functions  that  maintain  corneal  deturgescence:  the 
leaky  barrier  and  the  metabolic  pump.  (From  Waring,  G.  O..  Bourne,  W.  M„  Edeihauser,  H.  F„  and 
Kenyon.  K.  R.:  The  comeal  endothelium.  Normal  and  pathologic  structure  and  function.  Ophthalmol¬ 
ogy  59:531,  1982) 


FIGURE  3 


i  LOCATION  OF  CORNEAL  ENDOTHELIAL 
'  METABOLIC  PUMP  AND  BARRIER 


TIGHT  JUNCTION  EXTRACELLULAR 
PATHWAY 


Figure  Drawing  illustrates  location  of  corneal  endothelial  pump  ATPase  in  the  lateral  plasma 
membranes,  where  it  catalyzes  transport  of  ions  and  of  apical  junctional  complexes  that  create 
barrier  function.  (From  Waring,  G.  O.,  Bourne,  W.  M..  Edeihauser,  H  F.,  and  Kenyon,  K.  R.:  The  corneal 
i  endothelium.  Normal  and  pathologic  structure  and  function.  Ophthalmology  59:531,  1982)  - 


FIGURE  4 
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HIGH  ALTITUDE 

Tne  physiological  effects  of  high  altitude,  generally  and  arbitrarily 
considered  to  be  between  8000  and  15,000  feet,  have  been  studied  for  over 
half  a  century.  Greater  than  10  million  people  live  permanently  at  altitudes 
greater  than  12,000  feet  (Miller,  1974).  In  addition,  there  are  many 
climbers,  tourists,  and  scientists  who  inhabit  high  altitude  surroundings 
at  least  temporarily.  The  unique  physiologic  result  of  high  altitude  is 
hypoxia.  High  altitude  produces  hypoxia  by  reducing  the  barometric  pressure 
which  in  turn  reduces  the  partial  pressure  of  oxygen  in  the  air  breathed. 
The  two  techniques  used  to  study  high  altitudes  are:  (1)  field  or  laboratory 
studies  in  a  natural  high  altitude  environment,  and  (2)  low  pressure 
(decompression)  chambers.  The  low  pressure  chamber  offers  the  advantage 
of  learning  about  the  effects  of  hypoxia  alone  in  a  controlled  situation. 
The  general  similarity  of  results  obtained  by  both  techniques  indicates 
that  low  oxygen  pressure  is  the  most  important  physiologic  feature  of  the 
high  altitude  climate  and  supports  the  validity  of  chamber  studies  (Miller, 
1974). 

Hypobaric  hypoxia  in  mammals  results  in  an  energy  deficit  that  may  be 
compensated,  within  limits,  by  a  switch  to  anaerobic  metabolism.  This  less 
efficient  mechanism  has  the  disadvantages  of  being  dependent  on  the 
availability  of  carbohydrate,  and  produc i ng  a  fixed  ac id  ( 1 ac  t  ic  acid)  that 
may  disturb  the  acid-base  balance.  Sys temical ly ,  hypobaric  hypoxia  has  an 
acute  and  chronic  form.  The  acute  form  may  last  from  minutes  to  several 
days,  while  chronic  form  lasts  for  longer  periods.  The  transition  between 
the  two  may  not  be  distinct.  Some  of  the  more  important  systemic  effects 
of  acute  and  chronic  hypoxia  are  summarized  below  (Mill er ,1974) :  (1) 
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increased  pulmonary  ventilation;  (2)  increased  cardiac  output  initially; 
(3)  shift  to  right  of  oxyhemoglobin  curve  producing  increased  oxygen 
unloading  in  the  capillaries;  (4)  increased  erythrocyte  2,3- 
diphosphog lycerate  (Eaton  et  al ,  1969);  (5)  increased  erythropo i es is ;  (6) 
increased  vascularity  of  organs  (Van  Liere  and  Stickney,  1963).  On  the 
cellular  level  there  is  an  increase  in  oxidative  enzyme  activity  (Barbashova, 
1964). 

The  effect  of  high  altitude  on  the  eye  has  not  been  extensively  studied. 
An  increased  incidence  of  reversible  retinal  hemorrhage  (Fraser  et  a  1 ,1970; 
Sutton  et  al,  1980)  and  an  increase  in  retinal  blood  flow  have  been  reported 
(Fraser  et  al,  1974).  Knodadoust  in  1982  anecdotally  noted  an  increased 
prevalence  of  corneal  disease  while  in  the  higher  altitudes  of  Ecuador. 
Unpublished  experimental  data  showed  that  rabbits  exposed  to  gas  mixture 
with  low  oxygen  concentration,  at  normal  atmospheric  pressure,  showed 
distinct  morphological  changes  in  the  corneal  endothelium  (Khodadoust, 
1982).  Although  short  term  hypoxic  effects  on  the  cornea  have  been  studied, 
such  as  increased  corneal  swelling  with  contact  lens,  no  information  is 
available  as  to  the  long  term  hypoxic  effects.  To  date,  no  one  has  reported 
the  effect  of  hypobaric  hypoxia  on  the  corneal  endothelial  cells. 
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METHODS  AND  MATERIALS 

HIGH  ALTITUDE  CHAMBER 

The  simulated  high  altitude  was  manifest  in  a  259.1 1  decompression  chamber, 
built  by  W.  Caster,  and  ventilated  with  laboratory  air  (see  Figure  A-B; 
Appendix  I).  The  pressure  inside  the  air  tight  chamber  was  calibrated  to 

500  mm  Hg,  simulating  an  altitude  of  11,000  feet.  The  p02  was  ^4  mm 
and  the  PCO2  was  0.6  mm  Hg  in  the  chamber.  The  gases  were  measured  by  S- 
3A  oxygen  and  CD-3A  carbon  dioxide  analyzers.  The  analyzers  were  in  the 
laboratory  of  G.  Lister  of  Vale  University.  Room  atmosphere  p0£  and  pC02 
were  158  and  0.23,  respectively.  The  temperature  in  the  chamber  was  room 
temperature  at  all  times.  The  chamber  was  opened  once  a  day  for  a  period  of 
20  minutes  for  cleaning  and  feeding  the  rabbits.  It  took  approximately  one 
to  two  minutes  to  change  the  pressure  of  the  chamber  from  high  altitude  to 
normal  atmospheric  pressure,  and  vice-versa. 

HIGH  ALTITUDE  EXPERIMENT 

Healthy,  young  adult,  New  Zealand,  albino  rabbits  weighing  2  to  3  kilograms 
were  placed  in  the  hypobaric  chamber.  The  control  rabbits  were  left  in  the 
atmosphere.  Both  the  experimental  and  control  rabbits  received  the  same 
type  of  food  and  water.  An  experimental  rabbit  was  sacrificed  after  each 
of  the  following  intervals:  24  hours,  48  hours,  4  days,  1  week,  2  weeks, 
3  weeks,  8  weeks,  and  1  year.  There  was  no  physical  evidence  that  the 
rabbits  suffered  any  ill  effects  of  being  in  the  decompression  chamber.  To 
minimize  any  equilibrium  with  atmospheric  air  by  the  chamber  rabbits' 
corneas,  the  rabbits  were  sacrified  within  minutes  after  leaving  the  chamber. 
The  chamber  and  control  rabbits  were  sacrificed  by  injecting  sodium 
pentobarbital  (50  mg/ml)  into  an  ear  vein.  When  dead,  the  corneas  were 
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removed  by  cutting  around  the  sclera  1  mm  from  the  limbus,  taking  extreme 
care  not  to  damage  the  delicate  endothelium. 

CORNEAL  ENDOTHELIUM  PREPARATION 

The  removed  corneas  of  the  control  and  chamber  rabbits  were  then  prepared 
by  a  technique  developed  by  Smolin  to  produce  a  flat,  single  cell, 
preparation  of  corneal  endothelium  cells  (Smol in, 1968,  see  Appendix  II). 
The  endothelium  was  then  stained  with  Giemsa  and  examined  by  light 
microscopy.  Representat i ve  photographs  using  an  Olympus  BH-2  camera  were 
taken  of  the  light  micrographs  and  are  described  below. 
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STEEL  CYLINDER  36" LONG  x  26"  ID 


FIGURE  A:  HIGH  ALTITUDE  CHAMBER  (Courtesy  of  William  Castfir) 
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APPENDIX  I 

INSTRUCTIONS  FOR  OPERATING  HIGH  ALTITUDE  CHAMBER  (See  Fig.  A) 

1 .  Turn  on  vacuum  pump. 

2.  Press  front  door  firmly  against  gasket  until  mercury  starts  to  rise 
in  Manometer  E. 

3.  Adjust  balancing  valve  D  for  correct  setting  on  manometer  (this  is 
necessary  as  the  pump  pulls  680  mm  Hg  and  desired  manometer  setting 
is  250  mm  Hg  of  pressure  pulled  from  the  chamber,  leaving  500  mm  Hg 
inside) . 

4.  Adjust  fine-control  needle  valve  C  to  maintain  correct  vacuum. 

5.  Adjust  flow  control  F  to  let  air  into  the  chamber  for  nine  to  ten 
changes  of  air  per  hour. 

6.  Back  off  wing  nut  A  (safety  latch  bolt),  which  is  spring  loaded,  to 
allow  front  door  to  open  one-half  inch  as  a  protection  to  the  animals 
in  case  of  a  power  failure. 

7.  Sampling  port  H  is  a  needle  valve  allowing  air  samples  to  be  taken 
as  exhaust  leaves  vacuum  chamber. 

NOTE:  When  manometer  reads  250  mm  Hg,  have  produced  an  atmosphere  simulating 
that  of  1 1 ,000  f t . 


* 
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FIGURE  B 


High  Altitude  Chamber  (Courtesy  of  Gail  Chatt) 
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APPENDIX  II 

TECHNIQUE  FOR  SEPARATING  AND  STAINING  CORNEAL  ENDOTHELIUMl 
MATERIALS:  25  gauge  needle 
microsc issors 
dissecting  microscope 
0.12  forceps 
five  30  cc  beakers 
10.3%  sucrose  solution 
0 . 25 Ag NO 3  in  10.3%  sucrose  solution 

Once  the  cornea  is  obtained  from  the  rabbit,  using  the  scleral  edge,  dip 
the  cornea  initially  in  the  sucrose  solution  for  ten  seconds.  Rhythmically 
move  the  cornea  in  the  solution.  Next,  dip  the  cornea  in  the  silver  nitrate 
solution  using  the  procedure  as  above.  Repeat  the  procedure  in  three  more 
beakers  of  sucrose,  washing  off  the  silver  solution.  Place  the  cornea, 
endothelial  side  up,  in  a  petri  dish  of  sucrose  solution  and  expose  to  UV 
lamp  for  six  seconds.  Place  cornea  in  small  vial  of  absolute  alcohol  and 
put  in  dark  drawer  for  at  least  two  hours  (preferably  twenty-four  hours). 
Afterwards,  trim  off  scleral  rim  under  microscope.  Place  cornea  in  petri 
dish  of  tap  water.  The  brown  colored  endothelium  should  separate  off  by 
itself  in  one  single  sheet.  If  not,  gently  tease  off  the  endothelium  with 
the  needle  and  forceps.  Once  separated,  with  microsc issors  carefully  make 
four  radial  cuts  toward  the  center  of  the  endothelium.  Spread  out  and 
flatten  the  endothelium  on  a  glass  slide  and  let  dry. 

1.  Smolin,  G.  A  Technique  for  Staining  and  Separating  Corneal 


Endothelium.  Am.  J.  Ophth.  65:232-236,  1968. 
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RESULTS 

CONTROL 

The  endothelium  was  removed  in  a  large  sheet  rather  easily,  with  minimal 
damage.  The  sheet  of  tissue  was  in  one  plane. 

Photograph  of  rabbit  endothelium  exposed  to  normal  atmospheric  conditions 
reveals  a  mosaic  pattern  of  cells.  The  monolayer  consists  of  polyhedral 
shaped  cells,  mostly  hexagonal  in  shape.  The  cells  are  fairly  uniform  in 
size  and  closely  apposed  with  silver  stained  borders.  The  cytoplasm  of  the 
individual  cell  appears  small,  with  the  nucleus  taking  up  most  of  the  cell. 
The  bean-shaped  nuclei  stained  purplish-pink  and  have  no  perceptible 
nucleoli.  The  cell  borders  are  smooth  and  regular.  Very  occasionally  2  or 
3  nuclei  are  observed  within  the  apparent  limits  of  a  single  cell  (Figure 
1).  Tnere  is  no  apparent  evidence  of  mitosis  or  vacuolization. 

HIGH  ALTITUDE  CHAMBER 

A. _ Twenty-four  Hours 

Again  closed  apposed  polygonal  cell  with  some  slight  irregularity  of  the 
cell  borders  in  the  center  area.  There  is  not  much  difference  from  the 
control  sample  except  for  the  presence  of  one  po  lynuc  leated  cell  in  the 
center,  approx imately  the  size  of  5-6  normal  endothelial  cells  (Figure  2). 
There  are  also  some  devitalized  cells  centrally,  in  which  the  entire  cell 
took  up  the  silver  stain  (Figure  3). 

B_. _ Forty-eight  Hours 

The  cells  appear  to  enlargen,  increasing  in  the  amount  of  cytoplasm.  Also 
the  cell  borders  appear  to  increase  in  irregulari ty.  Thyere  are  now  several 
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polynuc leated  cells  (7-8  nuclei),  particularly  in  the  midperiphery  area 
(Figure  4).  In  the  center,  several  nuclei  appear  shrunken. 

C_. _ Four  Days 

There  is  an  increase  in  the  size  and  density  of  the  mul  t  i  nuc  leated 
endothelium  (MNE).  The  MNE  are  predominately  in  the  mid-periphery.  The 
cell  borders  are  markedly  irregular,  the  cells  losing  their  typical 
polyhedral  shape  (F'igure  5). 

D. One  Week 

The  endothelial  cells  are  almost  round  in  shape  with  small  intercel lular 
gaps  apparent  throughout  the  sample.  The  MNE  are  again  increasingly  abundant 
in  the  mid-per i phery  area  (Figure  6). 

E_. _ Three  Weeks 

There  are  no  remarkable  changes  from  the  one  week  sample.  The  MNE  appear 
slightly  more  centrally. 

F_. _ Eight  Weeks 

The  irregularity  of  the  cell  borders  appears  to  diminish.  There  are  still 
abundant  and  large  MNE  (Figure  7).  The  largest  MNE  (10-30  nuclei)  are  now 
further  out  in  the  periphery. 

G_. _ One  Year 

There  are  now  large  areas  of  MNE  (40-50  nuclei)  now  mostly  in  the  far 
periphery.  There  does  not  seem  to  be  a  distinct  border  around  the  nuclei; 
instead,  it  appears  that  the  nuclei  are  crowded  together  in  one  clear  area. 
This  occurs  many  times  (Figure  8) .  There  are  areas  of  cell  loss  in  the  center. 
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FIGURE  1  Control,  central  area  250X 


FIGURE  2 


24  hours  High  altitude,  midperiphery 


FIGURE  3  24  hours,  High  altitude,  center,  250X 


FIGURE  4 


48  hours,  high  altitude,  midperiphery,  250x 
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FIGURE  5  4  days,  high  altitude,  midperiphery,  250X 
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FIGURE  6 


1  week,  high  altitude,  midperiphery,  250X 


FIGURE  7  8  weeks,  high  altitude,  midperiphery,  125X 
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FIGURE  8 


1  year 


high  altitude,  far  periphery,  250X 
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DISCUSSION 

The  purpose  of  this  study  was  to  determine  if  a  simulated  high  altitude 
atmosphere  has  any  effect  on  the  morphology  of  the  rabbit  corneal 
endothelium.  The  results  show  that  the  chamber  rabbits'  endothelium,  as 
compared  to  controls,  undergo  distinct  morphological  changes  including  cell 
border  irregulari ty,  the  appearance  of  mul tinuc leated  endothelium  and 
nuclear  shrinkage.  There  are  also  areas  of  devitalized  cells  which  could 
represent  cell  loss.  The  earliest  subtle  changes  occur  at  twenty-four  hours 
with  more  distinct  and  striking  alterations  appearing  at  later  time 
intervals.  Particularly  impressive  is  the  progressive  increase  in  number 
and  size  of  the  mul ti nuc leated  endothelium.  These  results  suggest  that  in 
the  rabbit,  there  are  definite  corneal  endothelial  morphologic  responses  to 
a  hypobaric  atmosphere  and  that  corneal  endothelial  oxygenation  occurs 
largely  via  the  atmosphere.  While  the  exact  mechanism  of  these  changes  is 
not  known,  the  observed  phenomena  could  have  important  implications  with 
regard  to  high  altitude  and  other  conditions  associated  with  low  oxygen 
avai lability. 

The  question  is  raised  as  to  why  does  hypoxia  produce  these  morphological 
changes?  And  do  these  changes  represent  an  irreversible  detriment  to 
endothelial  function  or  a  protective  adaptation  to  high  altitude?  Since, 
on  a  volume  basis,  the  oxygen  utilization  of  corneal  endothelium  is  10  to 
50  times  that  of  the  epithelium  and  stroma,  respecti vely,  it  is 
understandable  that  any  comprise  of  oxygen  endothelium  would  adversely 
affect  the  endothelium  the  greatest  (Freeman,  1972).  Also,  since  hypoxia 
is  a  concomittant  and  physiologic  condition  of  high  altitude,  it  is  expected 
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that  a  hypobaric  atmosphere  too  would  have  an  effect  on  the  cornea 
endothel i um. 

Perhaps  the  hypobaric-induced  hypoxia  directly  or  indirectly  affects  the 
endothelial  morphology  on  a  molecular  level.  The  lack  of  oxygen  permits 
glycogenolysis,  but  blocks  the  pentose-monophosphate  and  TCA  cycles. 
Therefore,  although  essential  nuc  leoprotein  synthesis  can  persist  with  low 
oxygen  tensions,  lactate  and  pyruvate  endproducts  accumulate  instead  of  CO2 
and  H2O.  There  is  evidence  that  this  lactate  acts  i ntracornea  1  ly  to 
neutralize  some  of  the  osmotic  activity  of  the  endothelium  active  transport 
(Mishima,  1968;  Cotlier,  1975;  Klyce  and  Bernegger,  1978).  Possibly  these 
same  endproducts  have  toxic  effects  on  cell  membranes  as  well.  Fatt  and 
Hill  described  glycogen  and  lactate  dehydrogenase  (LDH)  levels  in  the  anoxic 
state.  Further,  Reuben  showed  an  increase  in  the  anaerobic  bands  of  LDH 
with  hypoxia.  Conceivably  this  LDH  could  have  an  effect  on  cellular 
membranes  producing  morphological  changes.  An  example  of  this  is  the  theory 
that  anoxia-produced  excess  of  G6P  enzyme  causes  cell  membrane  damage  from 
membrane  lipid  breakdown  (Kim  and  Hassard,  1973).  Thus  a  breakdown  of  cell 
membranes  would  allow  adjacent  cells  to  coalesce,  producing  polynucleate 
cells.  As  the  insult  continues,  so  would  the  accumulation  of  nuclei. 

It  is  particularly  striking  that  the  MNE  appear  predominantly  in  the  mid- 
peripheral  area  of  the  endothelium.  If  one  theorizes  that  the  production 
of  MNE  is  the  direct  result  of  decreased  atmospheric  oxygen  supply,  then 
one  would  expect  the  central  area,  which  is  supposed  to  be  supplied 
predominantly  by  the  atmospnere,  to  be  mainly  affected.  The  peripheral 
areas  of  the  cornea,  which  is  normally  thicker,  is  mainly  supplied  by  the 
limbal  circulation.  In  addition,  mitosis  in  the  corneal  endothelium 


28 


regularly  occurs  in  the  peripheral  zone  of  the  cornea  (Von  Sallman  et  al, 
1961).  Therefore,  although  there  may  be  a  greater  degree  of  oxygen 
insufficiency  centrally,  the  combination  of  disrupted  cell  membranes  and 
the  enhanced  abi  1 i ty  to  mi tose  may  al  low  the  MNE  to  form  in  the  periphery  as 
a  response  to  the  hypobaric  stress. 

The  observed  morphological  response  to  hypoxia  could  be  an  example  of  the 
endothelium's  general  reaction  to  stress  or  trauma.  Wilcox  reported  similar 
changes  in  the  rabbit's  corneal  endothelium  exper imental ly  (Wilcox  et  al, 
1958).  In  his  experiment,  rabbit  corneal  endothelium  developed  MNE,  cell 
loss,  and  irregular  cell  borders  when  the  anterior  chamber  was  injected 
with  certain  viruses.  There  is  also  evidence  that  hypoxia  induces  an 
alteration  of  the  endothelial  environment  producing  a  cellular  reaction 
involving  contractile  cytoplasmic  filaments  (Kaye  et  al,  1974;  Edelhauser 
et  al,  1976;  Hull  and  Staehelin,  1979;  Stern  et  al,  1981).  Hence,  it  is 
possible  that  these  cellular  reactions  involve  the  same  mechanisms  as  the 
endothelial  respose  to  hypobaria. 

If  these  morphological  changes  are  indeed  a  general  response  to  trauma, 
long-term  implications  could  be  important.  Mishima  noted  that  traumatized 
endothelium  appear  to  lose  cells  at  a  faster  rate  than  that  seen  in  the 
normal  aging  process  (Mishima,  1982).  Thus  many  years  after  the  onset  of 
the  traumatic  insult,  such  as  high  altitude,  endothelial  dysfunction  may 
develop.  This  probably  relates  to  a  diminished  healing  response  as  a  result 
of  the  hypoxic  insult,  producing  an  altered  homeostasis. 

Equally  integral  to  the  cornea's  normal  homeostasis  is  the  endothelial 
barrier  function.  In  a  study  examining  the  relationship  between  endothelial 
structure  and  function,  several  workers  speculated  that  as  the  number  of 
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sides  of  a  cell  increases,  it  tends  to  become  more  rounded,  probably 
resulting  in  loosening  of  apposition  of  adjacent  cells,  and  in  turn  resulting 
in  an  increase  "leak"  of  fluid  into  the  corneal  stroma  (Shaw  et  al,  1978). 
The  observed  hypobaric  samples  developed  increasing  cell  border  irregularity 
to  the  point  where  the  cell  appeared  rounded,  the  effect  appearing  to  be 
greatest  at  one  week.  Conceivably  hypoxia  causes  a  similar  loosening  of 
apposition  of  cells  as  previously  described,  thereby  diminishing  the 
endothelium's  barrier  function.  Perhaps  the  hypoxia  produces  significant 
changes  in  the  pH  or  calcium  levels  which  could  also  impair  the  barrier 
function. 

The  endothelial  changes  seem  to  be  a  direct  and  temporal  response  to  the 
atmospheric  hypoxia  as  opposed  to  anterior  chamber  hypoxia.  There  is 
substantial  evidence  that,  indeed,  corneal  endothelial  cells  do  rely  on 
atmospheric  derivation  of  oxygen  (Weissman  and  Fatt,  1982;  Poise  and  Mandel  1 , 
1970).  Moreover,  work  showing  both  a  concomitant  drop  in  aqueous  chamber 
and  endothelial  p02  w’th  a  decrease  in  atmospheric  oxygen  tension  and  a 
linear  gradient  in  pC>2  decreasing  as  one  moves  posteriorly  from  the 
epithelial  layer  further  supports  the  notion  that  the  cornea  and  aqueous 
humor  depend  on  the  atmosphere  for  oxygenation  (Barr  and  Silver,  1973; 
Hamano,  1976;  Barr  et  al ,  1977;  Wolbarsht  et  al,  1981;  Barr  and  Roetman, 
1974).  Similarly,  transient  morphologic  changes  in  the  corneal  endothelium 
are  seen  as  a  response  to  both  atmospheric  hypoxia  and  the  relative  hypoxia 
produced  by  soft  contact  lenses  (Holden  and  Zantos,  1981;  Knodadoust,  1982; 
Vannas  et  al,  1984). 

In  spite  of  all  the  above  evidence,  it  is  still  not  clearcut  whether  the 
hypobar  ic  atmosphere  manifests  i  ts  effects  on  endothel i urn  through  the  cornea 
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as  opposed  to  via  the  aqueous  humor  and  anterior  chamber.  Although  the 
rabbits  showed  no  evidence  of  systemic  hypoxia,  perhaps  there  is  a  systemic 
response  which  affects  the  corneal  endothelium.  Since  the  cornea  is 
avascular,  this  proposed  systemic  effect  presumably  would  operate  via  the 
aqueous  humor  or  the  limbal  circulation.  Moreover,  there  is  evidence 
contradicting  the  theory  of  atmospheric  derivation  of  corneal  oxygen. 
Several  authors  have  done  work  suggesting  that  the  endothelium's  oxygen 
supply  is  independent  of  the  atmosphere  and  derived  completely  from  the 
aqueous  humor  (Kwan  et  al,  1972;  Mishima,  1972;  Fatt  et  al,  1974).  Heald 
and  Langham  showed  that  the  aqueous  humor's  oxygen  tension  was,  at  least 
in  part,  directly  proportional  to  blood  oxygen  concentrations.  Thus  in 
this  model,  a  decrease  in  the  factors  which  supply  aqueous  and  limbal 
oxygenation  (such  as  systemic  hypoxia)  could  decrease  the  oxygen  available 
to  the  endothelium.  Another  possibility  is  that  both  the  atmosphere  and 
aqueous  humor  combine  to  oxygenate  the  endothelium.  So  the  hypobaric 
atmosphere  could  produce  both  a  hypoxia  at  the  corneal  surface  anteriorly 
and  a  systemic  hypoxia  which  affects  the  posterior  cornea.  In  turn,  this 
combined  hypoxia  induces  the  observed  morpholog ical  changes.  Although 
neither  anterior  chamber  nor  systemic  p02  was  measured,  this  information 
could  yield  critical  information  about  the  role  of  the  anterior  chamber  in 
endotheial  oxygenation  at  high  altitudes. 

Unlike  oxygen,  little  is  known  concerning  the  role  of  carbon  dioxide  in 
the  cornea.  The  carbon  dioxide  concentration  measured  in  the  chamber  was 
approximately  four  times  that  of  atmospheric  carbon  dioxide.  Although  the 
rabbits  showed  no  sign  of  carbon  dioxide  narcosis,  this  buildup  could  have 
significant  effects  on  the  corneal  endothelium.  The  increased  CO2,  which 
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rapidly  traverses  the  cornea,  could  somehow  alter  the  intracorneal 
environment,  perhaps  by  disturbing  the  bicarbonate  pump  (Fatt  and  Bieber, 
1968;  Hodson  and  Miller,  1976;  Fatt  et  al,  1964;  Barr  and  Schoessler,  1980). 
However,  it  is  not  known  at  what  levels  of  C02  are  harmful.  In  addition, 
since  in  a  high  altitude  setting  one  would  expect  a  lower  C02  concentration, 
the  increased  levels  probably  represent  a  buildup  in  the  chamber.  Although 
the  cornea  probably  reacts  to  CO2  buildup  and  O2  insufficiency  in  the  same 
manner,  in  this  setting  the  major  factor  is  most  1  ikely  oxygen  insufficiency. 

Other  implications  of  corneal  damage  by  high  altitude  abound.  With  over 
10  million  living  in  altitudes  greater  than  12,000  feet,  conceivably  all 
these  people  could  have  some  degree  of  endothelial  response.  Perhaps  an 
adaptation  to  the  atmosphere  takes  place.  This  adaptation  would  allow  the 
endothelial  cells  to  adjust  to  the  hypoxic  stress,  possibly  limiting  the 
effect  on  corneal  function.  Hence,  the  morphological  changes  could  represent 
this  adaptation  or  could  represent  an  actual  cause  of  endothelial 
dysfunction. 

There  is  little  documentation  available  correlating  corneal  morphology 
with  structure.  Clinically,  it  is  well  established  that  decreased  surface 
or  atmospheric  oxygen  has  a  detrimental  effect  on  corneal  function  (Mandell 
and  Farrell,  1980;  Binder,  1980),  producing  change  ranging  from  minimal 
epithelial  edema  to  severe  corneal  swelling  producing  decreased  vision. 
Whereas  the  corneal  endothelium  is  essential  for  maintenance  of  normal 
corneal  hydration,  thickness  and  transparency,  one  could  expect  that  the 
basis  of  the  cornea's  response  to  hypoxia  to  be  at  the  endothelial  level. 
These  conditions  of  diminished  oxygen  availability,  and  work  by  others, 
suggest  that  there  is  a  range  of  atmospheric  oxygen,  below  which  the  cornea 
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will  hydrate  and  swell  implying  endothelial  dysfunction  below  these  critical 
levels  (Poise  and  Mandell,  1970).  This  dysfunction  may  be  on  the  basis  of 
a  damaged  pump.  As  this  function  is  energy  dependent,  decreased  oxygen 
availability  would  adversely  affect  the  pump's  effectiveness. 

One  can  extend  the  implications  beyond  the  realm  of  high  altitude.  Those 
situations  where  a  relative  hypoxia  is  produced  are  deleterious  to  the 
cornea.  Many  of  the  major  complications  of  extended  wear  contact  lens  are 
due  to  hypoxia  (Binder,  1978).  In  addition,  Khodadoust  and  Hirst  found 
that  the  relative  anoxia  of  lid  closure  in  humans  during  norma  1  s 1 eep  appears 
to  be  the  cause  of  observable  endothelial  changes,  as  detected  by  the 
specular  microscope.  Thus  can  the  cornea  tolerate  any  degree  of  long-term 
hypoxia?  If  not,  perhaps  more  conservative  measures  are  needed  to  stem  the 
potentially  deleterious  effects  of  long  wear  contacts. 

Although  the  previous  implications  are  provocative,  one  must  refrain  from 
making  sweeping  conclusions  based  on  this  study's  data.  First  of  all,  as 
noted  earlier,  although  rabbit  endothelium  has  the  ability  to  regenerate, 
human  endothelium  does  not.  So  while  the  mul t inuc leated  endothelial  cells 
seen  are  the  rabbits'  experimental  response  to  the  high  altitude  environment, 
they  may  represent  an  attempt  at  regenerat  ion .  Human  endothel  ium  may  undergo 
a  different  morphological  course.  Secondly,  rabbit  endothelial  cells 
normally  have  occasional  binucleate  cells,  especially  in  older  rabbits.  So 
one  could  argue  that  the  mul tinuc leated  cells  are  within  limits  of  the  norm. 
However,  the  progressive,  temporal  course  of  the  increase  in  size  and  number 
of  mul tinuc leated  cells,  and  the  presence  of  other  changes,  while  in  the 
high  altitude,  point  to  the  presence  of  a  factor  (hypobaric  atmosphere) 
producing  these  changes.  Thirdly,  it  is  not  known  whether  the  changes  seen 
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in  the  chamber  could  be  reversed  either  when  placed  in  a  normal  atmosphere 
or  when  allowed  more  time  in  the  hypobaric  condition  (greater  than  one 
year).  Mandell  and  Farrell  postulated  that  the  stabilization  or  reversal 
of  initial  corneal  swelling  was  due  to  corneal  adaptation  to  low  oxygen 
levels  (Mandell  and  Farrell,  1980).  Thus  adaptation  of  morphology  or 
function  could  occur  with  the  rabbit  endothelium.  And  lastly,  slit  lamp 
examination  for  corneal  edema,  or  measurement  of  corneal  thickness  was  not 
done.  Thus  we  were  unable  to  document  possible  simultaneous  effects  of 
hypobaria  on  corneal  function.  Therefore  no  definitive  statements  can  be 
made  correlating  structure  and  function  in  this  study. 

More  investigation  is  needed  at  many  levels  to  further  delve  into  the 
effect  of  high  altitude  on  the  cornea.  Epidemiological  studies  can  be  done, 
systemat ica 1 ly  evaluating  the  incidence  and  prevalence  of  corneal  disease 
at  different  altitudes.  Laboratory  investigation  can  further  define  the 
relationship  between  corneal  endothelium  function  and  morphology.  Perhaps 
the  cat,  which  has  a  limited  endothelial  regenerative  capacity,  like  humans, 
should  be  used  as  an  experimental  modfel  (Van  Horn  et  al,  1977).  The  effect 
aging  has  on  the  endothelium's  response  to  hypobaria  can  be  studied. 
Microscopic  examination,  light  and  electron,  of  autopsy  corneas  of  those 
living  at  high  altitudes  can  be  compared  both  with  those  of  lower  altitudes 
and  with  contact  lens  wearers.  The  response  of  the  other  components  of  the 
cornea,  particularly  the  epithelium,  to  hypobaria  can  give  valuable 
information  about  the  intracorneal  relationships.  Further  clinical  studies 
can  include  specular  microscopic  examination  of  high  altitude  dwellers,  in- 
depth  definition  of  any  manifestations  of  high  altitude  induced  corneal 
disease,  and  long-term  follow-up  addressing  the  issue  of  adaptation  and/or 
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reversibi 1 i ty .  Although  an  interesting  and  potentially  important  effect 
is  seen,  clearly  more  work  is  needed. 
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